A three-step synthesis, involving condensation of bromomethyl aryl ketones with urea to afford 2-aminothiazoles, their chloroacetylation and subsequent solvent-free Arbuzov phosphonation has afforded a series of novel diethyl [N-(thiazol-2-yl)carbamoyl]methylphosphonates 3a-3f in good overall yields; the 4-carboxythiazole analogue 3g was obtained by selective hydrolysis of the corresponding ethyl ester 3f. The phosphonate esters exhibited significant anti-cancer activity (nM -low µM IC 50 values) against SH-SY5Y cells and, in one case, 7.6 µM MIC90 anti-TB activity against the virulent M. tuberculosis H 37 Rv strain; the chloroacetamido precursors all exhibited some antimalarial (PfLDH) activity, three with IC 50 values in the range 1.0 -8.9 µΜ.
Introduction
The enzyme,1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR) regulates a non-mevalonate pathway in the biosynthesis of isoprenoid-derived compounds in Plasmodium falciparum (Pf), but is not found in humans 1, 2 . This enzyme has been validated as a target for the development of antimalarial drugs capable of selectively inhibiting reduction of 1-deoxy-D-xylulose-5-phosphate 1 in resistant P. falciparum strains [3] [4] [5] . The naturally occurring antibiotic, fosmidomycin [3- (N-formyl-N-hydroxyamino)propylphosphonic acid 4, 5 and its Nacetyl derivative, FR900098 2 6, 7 , are known to inhibit PfDXR, and various analogues of these compounds have been prepared. In our own group, research has focussed on the synthesis and antimalarial activity of phosphonated N-aryl-and N-heteroaryl-carboxamides, such as compound 3 8, 9 and, more recently, phosphoramidate analogues 6 of fosmidomycin.
The thiazole scaffold is well represented in medicinal systems. Mjambili et al . have prepared a library of Naryl substituted 2-(pyridin-2-yl)thiazol-4-amines and explored their anti-TB and antimalarial activity, and compounds containing electronegative para substituents were shown to inhibit P. falciparum with submicromolar IC 50 values 11 . The anti-cancer potential of certain thiazole-based compounds has been investigated, the most active of which, ethyl 2-[3-(diethylamino)propanamido]thiazole-4-carboxylate, exhibited a GI 50 value of 0.08 μM against the RPMI-8226 leukemia cell line and broad-spectrum activity against 60 tumour cell lines with a GI 50 value of 38.3 µΜ 12,13 . Jaishree et al. showed that 2-methyl-4-trifluoromethylthiazole-5-carboxamides exhibited promising anti-parasitic and insecticidal properties, but without herbicidal effect. 14 In this communication, we discuss: (i) the synthesis of a series of [N-(thiazol-2-yl)carbamoylmethylphosphonate esters 3 as fosmidomycin analogues which satisfy the Lipinski "Rule of Five"; and (ii) screening of these compounds and their synthetic precursors for antimalarial, anti-cancer and antituberculosis activity.
Result and Discussion
The aminothiazole scaffolds 6a-e were obtained using conventional Hantzsch condensation of the α-bromo ketones 4a-f with thiourea (Scheme 1). On completion of each of the reactions, the desired product was precipitated out by pouring the reaction mixture into ice-cold water. The known thiazole derivatives 3a-f [15] [16] [17] were thus isolated in excellent yields (93-100%; Table 1 ) and subsequently treated with chloroacetyl chloride in the presence of triethylamine in dichloromethane, using a modification of the method reported by Xu et al. 18 to afford the 2-(2-chloroacetamido)thiazole analogues 7a-f in yields ranging from 54 to 100%. Solventfree Arbuzov phosphonation of the 2-(2-chloroacetamido)thiazoles 7a-f was effected by boiling with triethyl phosphite at 110 ⁰C for 9 h. Excess triethyl phosphite was removed by stirring the crude products with hexane. Column chromatography afforded the desired phophonate esters 3a-e in 68-98% yield, while treatment of the carbethoxy analogue 3f with methanolic potassium hydroxide, followed by acidification, permitted selective hydrolysis of the carboxlic ester moiety to give diethyl [(4-carboxythiazol-2-yl)carbamoyl]methylphosphonate 3g in 59% yield. The phosphonate esters 3a-g are all new and were fully characterised using 1-and 2-D NMR, IR and HRMS methods. It is apparent from the data summarised in Table 2 that, at low concentrations, the phosphonate esters 3a-c,e,g exhibit encouragingly effective inhibition of the SH-SY5Y cell line with IC 50 values in the nanomolar to very low micromolar range but little, if any, activity against the HeLa cell line 19, 20 (≥ 95% viability at 20 μM), thus reflecting clear selectivity against the former cell line. Compounds 7a-f, however, exhibit 15-40% inhibition of the HeLa cells at 20 μM. The resazurin-based whole-cell PfLDH bioassay was conducted to explore the antimalarial activities of the crucial intermediates and final compounds using 20 µM as the cut-off concentration before determining IC 50 values for compounds with significant levels of inhibition. The results (Table 1) show that the unsubstituted aminothiazole intermediates 6a-f exhibit low levels of inhibition (66-88% PfLDH viability), whereas the 2-(2-chloroacetamido)thiazole intermediates 7a-e exhibit significant activity at 20 μM, with IC 50 values of 8.87, 1.86 and 1.04 μM for compounds 7d, 7a and 7e , respectively.The phosphonate esters 3a-g, which were designed 
Reagents and conditions: i) EtOH
(μM) (µM) (µM) 6a Ph - 90 85 - - - 6b p-ClPh - 98 81 - - - 6c p-BrPh - <100 88 - - - 6d p-FPh - <100 83 - - - 6e p-NO 2 Ph - 95 84 - - - 6f COOEt - 75 68 - - - 7a Ph - 80 18 1.86 - - 7b p-ClPh - 85 40 - - - 7c p-BrPh - 80 32 - - - 7d p-primarily as potential inhibitors of P. falciparum 1-deoxy-1-D-xylulose-5-phosphate reductoisomerase (PfDXR)
Conclusions
The novel diethyl [N-(thiazol-2-yl)carbamoyl]methylphosphonates (3) were successfully obtained in good overall yields. Although designed as potential antimalarial agents, these compounds failed to exhibit any activity against PfLDH, whereas their chloroacetamido precursors (7) 
Experimental Section
General. Reagents were supplied by Sigma-Aldrich and used without further purification. Tetrahydrofuran (THF) and methylene chloride were stored over 4 Å molecular sieves. The reaction progress and purity of the compounds were checked by thin layer chromatography (TLC) on pre- -d 4 ) ]. Infrared (IR) spectra were obtained using a Perkin Elmer (R) Spectrum 400 Frontier / FT-IR spectrometer. High-resolution mass spectra (HRMS) were recorded on a Waters API Q-TOF Ultima spectrometer (University of Stellenbosch, Stellenbosch, South Africa). NMR spectra for all compounds and the bioassay procedures are provided in the Supporting Information.
The known 2-aminothiazoles (6) were obtained following reported methods. [16] [17] [18] A mixture of thiourea (1. (0.530 g, 3 mmol) and Et 3 N (560 µL, 4 mmol) in dichloromethane (15 mL) was cooled to 0-5 ⁰C in an ice-bath and stirred for 30 min. 2-Chloroacetyl chloride (578 µL, 6.6 mmol) in dry dichloromethane (1.5 mL) was then added slowly, and the reaction mixture was allowed to warm to room temperature and stirred until the amine was completely consumed (ca. 1 h, as monitored by TLC). The reaction mixture was diluted with dichloromethane and washed successively with water and saturated brine. The organic layer was dried over anhydrous Na 2 SO 4 , the solvent was removed under reduced pressure and the residue was recrystallised from ethanol to give compound 7a ( 
